The immersion of any material in a water system triggers a surface microbial colonization which simultaneously influences the corrosion behavior of the substratum. The present study was focused on the As(V) influence on the biofilm formation and their consequences on the corrosion behavior of different substrata. Commercial materials used in water distribution networks: alloys based on Fe, Zn and Cu and polypropylene (as blank) were tested in laboratory water closed circuits either in the absence or presence of 5 mg L À1 As(V). Microbial sessile counting, microscopic techniques (SEM, ESEM, CSLM), and anodic polarization curves were performed. All the materials revealed very different behaviors. Except for copper, bacterial counts were higher for those coupons exposed to the water with As(V). The morphology of the corrosion products as well as the development of the corrosion process were highly influenced by the characteristics of the microbial biofilm, the nature of the substrata, and the presence or not of As(V).
INTRODUCTION
The microbial colonization of any solid substratum induces biofilm development, which may be defined as a microbial derived sessile community characterized by cells attached on a substratum. The structure, chemistry, and physiology of the biofilms vary with the nature of the resident microbes and local environment. An important component for maintaining its structural integrity is a matrix of extracellular polymeric substances (EPS) (Beech et al. ; Branda et al. ) . The pipe material, the presence of disinfectants, the water flow velocity, and many other variables influence their characteristics (Ollos et al. ; Lehtola et al. ) .
In a water distribution system (WDS), the inner attack of pipelines is normally attributed to microbial influenced corrosion (MIC). In this condition, not only the presence of the biofilm but also the microbial activity within it can affect the kinetics of the electrochemical processes and consequently modify the characteristics of the corrosion products, leading to either acceleration or inhibition of corrosion (Beech & Sunner ) . Due to this, the characterization of the biofilms formed on the metallic surface is of paramount importance in MIC studies. Electron microscopy techniques such as scanning electron microscopy (SEM) and environmental scanning electron microscopy (ESEM) have been very useful for high resolution visualization of bacterial biofilms. SEM observation requires the biofilm fixation, drying and conductively coating prior to imaging under high vacuum, which may alter its structure (Priester et al. ) .
On the other hand, ESEM observation requires moderate vacuum in a moisture-containing atmosphere and no coating, preserving the original morphology (Walker et al. ) . Alternatively, confocal scanning laser microscopy (CSLM) in combination with different staining protocols is increasingly considered as an important tool allowing in situ analysis of the inner and outer structure, composition, compactness, processes, and dynamics of mixed environmental microbial communities usually encountered in the form of aggregates and biofilms (Pitts & . In a preliminary study (Rosales et al. ) , the biofilm development on commercial raw materials exposed to water in static conditions was analyzed and its effect on the corrosion behavior of those materials was evaluated. To be closer to the actual hydrodynamic condition in an urban water network, in this work, two experimental closed circuits with water circulation with or without As(V) were built up. In those conditions, the biofilm formation and its effect on the corrosion behavior of commercial raw materials commonly used in those networks was evaluated.
The tests were designed to analyze in the greatest possible detail the many processes occurring during the initial steps (up to 45 days) of microbial colonization.
MATERIALS AND METHODS

Materials and experimental arrangements
Different materials commonly used in WDS were selected for this study: commercial iron (Fe) (instead of cast iron), zinc (Zn) (instead of galvanized steel), copper alloy (Cu) (Hidro-Bronz ® ), and polypropylene (PP). The materials and symbols used are shown in Table 1 .
To perform the tests, two experimental closed circuits were built up (Figure 1(a) To characterize the initial condition of the used water, its main chemical components, free residual chloride, and pH were determined. The results are shown in Table 2 .
Before the beginning of each test series, both storage tanks were washed with ethylic alcohol and then rinsed several times with drinking water. To evaluate the influence of As(V) on the behavior of the system, one of the tanks was filled with the water supplemented with Na 2 HAsO 4 .7H 2 O up to an As(V) concentration of 5 mg L
À1
. To render possible 
Sessile bacteria enumeration
Once the exposure was finished, the samples were 
Electrochemical measurements
To evaluate the influence of the film formation on the electrochemical behavior of the exposed materials, anodic polarization curves were performed. The electrochemical cell consisted of a three electrode arrangement with a cylindrical graphite bar (4 cm length and 0.5 cm diameter)
placed at the top of the cell as a counter electrode, and a saturated Hg/HgSO 4 electrode as reference (SSE). Samples of the tested materials, exposed or not, to the drinking water closed circuits were used as working electrodes. To avoid the damage of the less adherent material formed in the exposed samples, the working electrode was placed horizontally facing up, at the bottom of the cell. The electrical contact was attained with a copper wire fixed on the back of each coupon with a drop of tin. The contacts were isolated with an epoxy resin, leaving 1 cm 2 of exposed area to the electrolyte.
The anodic polarization curves were performed in triplicate using an EG&G Princeton Applied Research model 273A potentiostat/galvanostat in the potential range À25 mV E corr 500 mV at a scan rate of 0.166 mV s À1 .
All the measurements were performed in aerated 0.1 M Na 2 SO 4 solution at room temperature. Previous to the electrochemical measurements, non-exposed samples were mechanically abraded up to 1,000 grade grinding paper.
RESULTS AND DISCUSSION
Sessile bacteria enumeration
The total heterotrophic sessile bacterial number harvested Biofilm formation allows microorganisms to survive in the presence of contaminants (Fang et al. ) . In the present case, this hypothesis seems to be confirmed by the higher bacterial counts in those coupons exposed to arsenic-containing water, except in the case of Cu. Furthermore, the low counts obtained on Cu in both systems could be related to the release of toxic copper ions (Yu et al. ) .
Biological and inorganic film characterization
Since the beginning of water circulation, heterogeneously distributed microbial biofilms were formed on all the Images obtained with the CSLM were processed using the software ImageJ and the percentage of the overall biofilm coverage was estimated (Table 3) . Except for Cu, the surface coverage resulted significantly higher on those coupons exposed to the As-containing water; these results 
Electrochemical anodic polarization
To evaluate the influence of the complex film (biological material þ corrosion products þ spurious solids) on the electrochemical response of the metallic substrata, anodic polarization curves were performed. Non-exposed, ground coupons were used as blanks. The obtained results are shown in Figure 8 . As it was expected taking into account the electrochemical reactivity of the considered substrata, Zn presented the most negative corrosion potential (E corr ) ≈ À1.4 V (SSE), followed by Fe ≈ À0.9 V (SSE), and Cu ≈ À0.4 V (SSE). All the ground materials showed active dissolution with a well-defined blockage effect due to anodic products accumulation on the surface as the polarization level increased. The potential at which this behavior began was directly dependent on the amount and morphology of the formed products.
In the presence of the complex film, in general, no significant effect on the E corr values was observed. The only exception was the case of Fe samples previously exposed to the As-containing water, for which a positive shift of ≈40 mV was observed. This behavior would be related to an increase of the barrier effect afforded by the complex film due to the particular influence of the presence of As(V) on the microbial community and on the development of the corrosion process of the substratum. On the contrary, the grown films produced a displacement of the anodic curves to lower current densities. This effect was more significant for Zn than for Fe and almost irrelevant for Cu. The blockage effect due to the presence of the complex film was higher for samples exposed to drinking water in the presence of As(V). This behavior is in good agreement not only with the biofilm amount, structure, and morphology shown in Figures 4 and 7 but also with the electrochemical reactivity and morphology of the corrosion products of the considered materials. As was mentioned earlier, the presence of As(V) generated, in general, an increase in the heterotrophic sessile bacteria counts as well as in the amount of the EPS with the consequent increase on the thickness and compactness of the biofilm. In addition, the amount of corrosion products formed on Zn was higher than on Fe and, as their compactness was greater too, the barrier effect afforded by the complex film built up on Zn along exposure resulted in being higher. As a consequence of that, the observed decrease of the anodic current was more important (Figure 8 ). The worthless barrier effect observed for Cu samples was related to the low biofilm development on its surface in both circuits.
CONCLUSIONS
The presence of As(V) in the circulating water showed a significant influence on the development of the biofilms on the exposed materials. The As(V) addition modified not only the morphology but also the surface coverage afforded by the biofilms on Zn, Fe, and PP. This behavior was not observed on Cu, possibly due to the biocidal synergism of Cu 2þ and
As(V).
The presence of As(III) as claudetite (As 2 O 3 ) on PP coupons, reveals the capability of any bacterial species to use As(V) as an electron acceptor during anaerobic respiration.
The presence of the biofilm had a relevant effect on the corrosion behavior of the metallic substrata during exposure, developing localized corrosion.
The anodic polarization curves provided evidence that the highest barrier effect was afforded by the complex film developed on Zn, particularly in the water circuit with As(V). This is due not only to the thicker and more compact biofilm but also to the volume and compactness of the formed corrosion products. Downloaded from https://iwaponline.com/aqua/article-pdf/64/6/738/399576/jws0640738.pdf by guest
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